Late-onset Pompe disease (LOPD) is a rare genetic disorder due to the absence or deficiency of acid alpha-glucosidase enzyme resulting in slowly progressing reduction of muscle strength, causing difficulties with mobility and respiration. Wearable technologies offer novel options to evaluate mobility in a real-world setting. LOPD patients self-reporting LOPD, ≥18 years, US residents, walking (with or without aid), and not on invasive ventilation were recruited for a 6-to 8-week wearable study via patient organizations. Eligible patients were shipped a wearable tracker (Fitbit One™) and completed self-assessment questionnaires. Mobility outcome measures were median step count and peak 1-min activity. In the analyses cohort (N = 29), engagement in data sharing was high (94% of patients uploaded data for more than half the study days). Mean age was 43 years, 90% were females, and 93% were diagnosed in adulthood. Mean delay in diagnosis was 10 years; most had disease onset for ≥10 years (55%); some required walking aid (17%) and breathing assistance (38%). Mean step count differed by age (20-39 years: 4071 vs. 40-69 years: 2394, p < 0.01), diagnostic delay (<10 years: 3584 vs. ≥10 years: 2232, p < 0.05), disease duration (<10 years: 4219 vs. ≥10 years: 2462, p < 0.05), and ambulatory status (aided: 1883 vs. unaided: 3408, p < 0.05). Patient-reported "fatigue and pain" score was inversely correlated with step count (Pearson's r = −0.42, p < 0.05) and peak 1-min activity (Pearson's r = −0.49, p < 0.01). This study illustrates a new approach to measure mobility in LOPD patients and establishes a framework for future outcomes data collection.
INTRODUCTION
Pompe disease (acid maltase deficiency disease) is a rare and progressive neuromuscular disorder caused by the absence or deficiency of acid alpha-glucosidase (GAA), the enzyme required for the breakdown of glycogen. 1 Glycogen accumulation in muscle cell lysosomes results in a variety of symptoms due to potentially fatal myopathy. 1 While the clinical presentation of Pompe disease is heterogeneous, it is generally classified as either infantile-onset Pompe disease (IOPD) or late-onset Pompe disease (LOPD). In LOPD, symptoms appear ≥1 year of age and patients experience slowly progressive limb-girdle muscle weakness and respiratory insufficiency. 2, 3 Age of onset varies widely in LOPD, with some individuals first experiencing symptoms in early childhood and others in their 60s or 70s [4] [5] [6] [7] The first symptom noted in almost all patients is skeletal muscle weakness, as demonstrated by difficulty running, performing sports, climbing stairs, walking, rising from an armchair, or rising from a lying position. 3, 7 Advancing weakness of the proximal and paraspinal muscles eventually leads to wheelchair dependency. 6, 8 In order to gain insight into the effects of LOPD on mobility, the current observational study enrolled patients for a 6-to 8-week study in which (a) patients signed-up to the website Patient-sLikeMe (PLM, patientslikeme.com) to self-report their disease experience, and (b) a wearable activity tracker (Fitbit One™) was deployed to measure their mobility in a remote setting. The objectives were to capture real-world mobility data through a consumer wearable device in LOPD subjects to: (1) evaluate the willingness to adopt wearable devices for passive and active health monitoring and (2) explore the relationship between patient characteristics and disease experience (symptoms and impact) with device-measured mobility.
RESULTS

Patients
Of 40 screened subjects, 5 were ineligible at screening (3 incompletes and 2 screen outs). Of the 35 subjects who completed the baseline survey, the final study cohort comprised of 29 participants who shared Fitbit One™ data. As described in Table 1 , the mean age of these 29 participants was 43 years, 90% (N = 26) were females, and 93% (N = 27) had been diagnosed when they were ≥18 years of age (mean age: 37 years, standard deviation: 12 years). Mean diagnostic delay (period from first symptom onset to diagnosis) was 10 years (standard deviation: 11 years); most participants had their disease onset for more than 10 years (55%). Ambulatory assistance (17%) and breathing assistance (38%) were required for a subset of patients within 7 days prior to baseline. At the time of the study, 86% of participants were treated with ERT (alglucosidase alfa) and one patient (3%) was on an investigational ERT (avalglucosidase alfa).
Among the full study cohort (N = 29), engagement was high for uploading wearable tracking data but less so with symptom reporting. When frequency (number of days uploaded/number of days in the study) was calculated for activity tracking, 94% of patients uploaded activity data for >50% of the number of study days and 67% uploaded data for >90% of the number of study days (see Table 2 ). In contrast, only 24%, 3%, and 3% of patients uploaded >90% of the time for daily sleep, the daily InstantMe question, and weekly symptoms, respectively.
Mobility vs. general population and other chronic diseases
Pedometer-based step count data were compared with studies from the general population and patients with other chronic diseases. As shown in Table 3 , patients with LOPD were less ambulatory (mean: 3145 steps) than patients in the general population (mean: 5117 steps), 9 and patients with chronic obstructive pulmonary disease and multiple sclerosis. [10] [11] [12] Note, however, that different activity trackers and methodology were used in each study. A similar observational study using the PLM platform tracked the activity of patients with multiple sclerosis (MS), and these patients also had higher activity (mean: 4393 steps) than the LOPD subjects. 13 Mobility by patient characteristics Mobility varied by age, diagnostic delays, disease duration, ambulatory status, and "fatigue and pain" score, activity items, among other factors. Although the sample size was small, younger participants averaged more steps than older participants (4071 for 20-39 years vs. 2394 for 40-69 years, p < 0.01), with an inverse association between mobility and age which is greater in magnitude compared to the general population ( Fig. 1 ).
Mean step count differed by participant characteristicsdiagnostic delay (3584 for <10 years vs. 2232 for ≥10 years, p < 0.05), disease duration (4219 for <10 years vs. 2462 for ≥10 years, p < 0.05), and ambulatory status (1883 for assisted vs. 3408 for unassisted, p < 0.05) ( Table 4 ). Exploratory analyses that tested the interaction between age and diagnostic delay suggest that younger LOPD subjects (20-39 years) have a greater impact from diagnostic delays than patients in the older age group (40-69 years) (not significant, p = 0.20). Of note, among seven younger subjects with diagnostic delay of <10 years, the average step count was 4390; two younger subjects with diagnostic delay of ≥10 years averaged 2223 steps. The difference was much lower in magnitude for older subjects; among six older subjects with diagnostic delay of <10 years, the average step count was 2645; eight older subjects with diagnostic delay of ≥10 years averaged 2234 steps (Supplemental Materials).
Similar findings were observed on testing the interaction between age and disease duration (not significant, p = 0.26). Among five younger subjects with disease duration of <10 years, the average step count was 4798; four younger subjects with disease duration of ≥10 years averaged 2797 steps. The difference in magnitude for older subjects was lower; among two older subjects with disease duration of <10 years, the average step count was 2771; 12 older subjects with disease duration of ≥10 years averaged 2349 steps (Supplemental Materials).
With respect to peak 1-min activity; younger participants averaged greater than older participants (99 for 20-39 years vs. 80 for 40-69 years, p < 0.01); those with shorter diagnostic delays demonstrated higher activity (92 for <10 years vs. 76 for ≥10 years, p < 0.05) ( Table 4 ).
Step count was associated with "fatigue and pain" score as measured by Pompe Disease Symptom Scale (PDSS) (p < 0.05); and mobility-related items of the Pompe Disease Impact Scale (PDIS), namely, walking (p < 0.01), climbing stairs (<0.05), and squatting (<0.01) ( Table 6 ). Peak 1-min activity of participants was associated with the "fatigue and pain" score of the PDSS scores (p < 0.01), walking (<0.05), and squatting (p < 0.05) items of the PDIS (<0.05) ( Table 5) .
DISCUSSION
In LOPD, the ability to perform tasks requiring limb and girdle muscle strength such as walking, running, and climbing stairs is Disease duration: current age−age at first symptom onset c Diagnostic delay: age at diagnosis−age at first symptom onset progressively impaired, finally leading to dependency on a wheelchair. This ambulation-associated dysfunction may be the presenting symptom, and lower limb muscle strength is thought to continue to decline by approximately 7% per year. 3, 7, 14 The current early pilot aimed to evaluate the utility and practical applications of remote activity monitoring LOPD patients using a consumer wearable device. The study revealed three key findings. First, the data demonstrate good compliance with passive remote monitoring in patients with Pompe disease, with 83% of the subjects who completed the baseline assessment uploading wearable data during the study period with a high degree of compliance. More than 80% of these participants uploaded data for ≥75% of the days during a 6-to 8-week study. A total of 59% of the participants would recommend using an activity tracker to other patients with Pompe disease. Participant feedback at the end of the study indicated interest in devices that tracked respiratory function, nutrition, and physical activity. However, it should be noted that compliance was much lower where data capture required participants to actively engage in data entry (e.g., symptom tracking on the website). Importantly, these findings underscore the need for passive physiological data collection tools (sensors and wearable technology) that can minimize the burden for patients.
Second, the study enabled characterization of overall mobility and peak one-minute activity in LOPD patients based on their clinical presentations. For example, participants with LOPD were less active than people in the general population or those with other chronic diseases that are characterized by motor or respiratory dysfunction. Younger subjects were more active than older subjects, and those with shorter diagnostic delay and disease duration were more active, while those requiring ambulatory support were less active. These findings are consistent with clinical evidence in Pompe disease that suggests a longer diagnostic delay and duration of disease in patients lead to progressive loss of function and greater loss of mobility. 15, 16 Studies have highlighted the broad range of symptom presentation in Pompe disease can lead to diagnostic challenges. Patients with LOPD experience diagnostic gaps ranging from 5 years for patients with symptom onset at >12 years of age to 9.3 years for patients ≤12 years of age. 15 Findings from this study is consistent with the literature. This diagnostic gap may delay the initiation of treatment; untreated disease results in progressive, irreversible damage to skeletal and respiratory muscles. Such damage leads to significant disability, including progressive loss of mobility, respiratory function, and activities of daily living, and premature death.
Our study found LOPD patients with a diagnosis delay of ≥10 years were less active than those who were diagnosed within 10 years of symptom onset (3548 vs. 2232, p < 0.05). We also noted a trend between diagnostic delay and mobility that was more pronounced in younger LOPD subjects. Similarly, patients with disease duration of ≥10 years were less active than those who were symptomatic for less than 10 years (4219 vs. 1806, p < 0.05), with a trend between disease duration and mobility that was more pronounced in younger LOPD subjects. It should be noted that the interaction effects were not statistically significant and our study was not powered to detect differences in interaction effect. These findings also hint that those who develop the disease earlier have more severe phenotypes.
Third, our study supports the association between diseasespecific patient-reported outcomes (PROs) of disease severity (PDSS) and impact (PDIS) with overall mobility and peak oneminute activity. Mobility measures were strongly correlated with "fatigue and pain" score. Patients who were able to carry out physical activities like walking, climbing stairs, and squatting as measured by the PDIS items also demonstrated higher activity measured via the wearable device. This finding is expected and demonstrated the validity of objectively measured mobility in the context of LOPD patients' subjective experience with symptoms and disease progression. Similarly, PROs that are not conceptually related with mobility (e.g., mood) were not associated with step count or peak one-minute activity, supporting the discriminant validity of activity measures.
As an early pilot, this study creates a framework that will inform future studies of remote health monitoring in Pompe disease. With advancement in technology and integrated data systems, we anticipate that wearable technology linked with patient selfreports will enable better characterization of Pompe patients and aid physicians in clinical decision making. There is a need for better standardization of data to compare and contrast within disease (heterogeneity) as well as in relation to normative data from the general population and other conditions. A recommendation from our study is that in a progressive neuromuscular condition like Pompe disease has a higher age-related rate of decline than healthy cohorts; hence, to measure a significant improvement in any one patient, the trajectory of change must be referenced and calibrated to the disease population (withindisease) and healthy cohort (between-disease). This study is an initial step in that direction. Finally, our results show promising trends to indicate that wearable technology coupled with PROs offer a new approach to evaluate patient-relevant outcomes in both interventional and observational studies. Future studies with longer follow-up periods are required to expand upon this 
Values are number of days uploaded/number of days in study for all except symptom tracking, which is number of days uploaded/number of weeks in study.
The first week post-baseline (considered the run-in period) was excluded from the denominator. The study period ranged from 36 to 49 days, after excluding the run-in period b One patient did not use the sleep function and was removed from all analyses of sleep data The current study has several limitations. First, the study was intended as a pilot with limited data collected on the physical status, normal home and ambulation environment, behaviors, and demographic status of participants. Second, pedometer-based step counting does not characterize all movement disturbances (e.g., gait) in patients with life changing medical conditions. Third, the comparisons with other studies are also potentially confounded by demographic differences, period of observation, behavioral reactivity, study design, and type of device used. Fourth, data were patient-generated only and not combined with clinical assessments. While such data provide valuable insights into the subjective experience in patients, combining objective clinical assessments should be considered in future studies to understand the inter-relationship with clinical markers of disease progression. Fifth, as a pilot study, only descriptive data analyses were possible with some of the stratified and interaction analyses conducted on very small samples. The study was not powered to effectively detect these changes. Multivariable analyses to test the independent association of patient characteristics with mobility were not possible. Lastly, the study sample is skewed towards females, and a lower proportion of patients required breathing and ambulatory assistance and may not be generalizable to the LOPD population at large.
Data from this pilot study enabled characterization of LOPD patients based on their mobility. Measured mobility outcomes conformed to clinical presentations and were higher in participants who were younger, had shorter diagnostic delays, had shorter disease duration, were not on ambulatory assistance; correlations were observed with patient-reported "fatigue and pain" and physical activity items. The findings suggest that passive remote monitoring using wearable technology may yield valuable real-world observational data on mobility in LOPD patients.
METHODS
Study population
Inclusion criteria were self-reported diagnosis of LOPD, age ≥ 18 years and US resident. Exclusion criteria were those who were bedridden or required a wheelchair all day, and those who required invasive ventilation. Participants were recruited from the Acid Maltase Deficiency Association (AMDA, N = 28) and from the existing membership of PLM (N = 1). AMDA is a patient organization that promotes public awareness of Pompe disease. PLM is an online research platform, designed to allow platform members to share data about their conditions, treatments, symptoms, and comorbidities through structured data collection, but with some features of an online social network. 17 
Study design and assessments
As shown in Fig. 2 , after a screening and baseline assessment, data were captured over 6 to 8 weeks through a wearable activity tracker (Fitbit One TM ) (daily) and self-assessment (weekly and daily) via the PLM website, with an exit survey at the conclusion of the study. 
Ethics approval and consent to participate
Demographics and patient characteristics measure
Baseline assessment included age, gender, race, age at first symptom onset, age at diagnosis, specialty of diagnosing physician, use of mobility aid (assisted vs. unassisted), use of breathing assistance [oxygen, bilevel positive airway pressure, continuous positive airway pressure], and treatments including prescriptions and over-the-counter. Disease duration was computed as the difference between age and age at first symptom onset. Diagnostic delay was computed as the difference between age at diagnosis and age at first symptom onset.
Pompe Disease Symptom Scale
The PDSS is a newly developed 12-item patient-reported outcome designed to capture the range and severity of disease-related symptoms experienced by Pompe disease patients. The content validity of the instrument was established via concept elicitation patient interviews and cognitive debriefing. It measures severity of breathing difficulties, fatigue and tiredness, muscle weakness and ache, pain, and headache from the LOPD patient's perspective. 18 The items ask patients to rate their worst symptom severity over the previous 24 h using 0-10 numeric rating scales. Principal components analysis was conducted to organize the items of the PDSS scale into subdomains. The PDSS items conformed to a 2 factor solution: (1) a "fatigue and pain" domain and (2) a "breathing difficulties" domain. The "fatigue and pain" domain comprises eight items (tiredness, fatigue, muscle weakness anywhere, muscle weakness in lower body, muscle weakness in arms, muscle weakness in upper body, muscle aches, pain). The "breathing difficulties" domain comprises two items (breathing difficulty, breathing difficulty lying down). Two items did not fit the factor solution and were not scored (muscle weakness in hand grip, morning headache). PDSS domain scores were calculated by summing the domain level scores; the possible ranges of scores are as follows: "fatigue and pain" domain (0-80), "breathing difficulties" (0-20). Patients completed the PDSS (Table 6 ).
Pompe Disease Impact Scale
The PDIS is a newly developed 15-item patient-reported outcome designed to capture the impact of LOPD on mood (depression, worry, anxiety) and mobility-related physical activities (walking, climbing stairs, rising from a sitting position, bending over, squatting, and exercise) in the past 24 h. 18 Some items ask about the severity of a particular impact on a 0-10 scale (depression, worry, anxiety), while other items ask whether or not the patient could complete each mobility-related activity in the past 24 h and the level of difficulty associated with the activities that were completed (0-10 scale). Inter-item correlations suggested a "mood" domain (anxiety, worry, depression; range 0-30). Missing data for the mobility-related activity items in the PDIS (due to skip patterns when patients reported that they did not complete an activity) and small sample size prohibited completion of further psychometric analysis. These relevant mobility-related activities (walking, climbing stairs, rising from a sitting position, bending over, squatting) were therefore analyzed at the itemlevel. Patients completed the PDIS at baseline and at the exit survey; the baseline survey data are used here (Table 6 ).
Mobility
Mobility was tracked using the Fitbit One™ activity tracker (manufactured by Fitbit, San Francisco, CA), a wearable device that clips onto an individual's belt, pocket, or bra. 19 Daily activity is measured via a three-axis accelerometer that turns movement into digital data when attached to the body. Categories of data counted by the tracker include steps, floors, calories burned, distance, and sleep. The device uses an algorithm that detects motion patterns indicative of walking, with a motion size above a threshold counted as a step. A sensor calculates altitude based on atmospheric pressure, allowing determination of floors (i.e., climbing steps up to the next floor of a building). When the sleep mode is turned on, total hours of sleep and the number of awakenings are measured. A systematic review of wearable activity trackers showed that the Fitbit One™ has high validity and reliability for steps. 20 The device has a battery life of 14 days and allows wireless data upload (synchronization). The participants uploaded data daily to the PLM website after an initial authorization. While individualized messages reminded the participants to upload Fitbit One™ data, because uploading was done on a voluntary basis, some missing data were observed. Data on the following were measured and analyzed: steps, as an overall assessment of mobility; peak daily activity, which was the maximum step count in one-minute period; floors, which was an increase in altitude by 10 feet accompanied by a detection of steps and forward motion; and sleep, in terms of total sleep duration and number of awakenings.
Website assessments
General symptoms (fatigue, insomnia, depressed mood, anxious mood, pain) and Pompe-specific symptoms (muscle pain, dyspnea, weakness in The item is not included in scoring hips, weakness in shoulders) on the website were rated by participants weekly on a 4-point scale (none, mild, moderate, or severe). Participants also answered a daily "InstantMe" question (How are you feeling?) using the following ratings: very good, good, neutral, bad, or very bad. Website assessments were exploratory and the analyses were not in scope for this paper.
Exit survey
At the end of the study, a subset of the subjects responded to an exit survey regarding user experience and opinions about disease management/self-monitoring.
Data analyses
Data from Fitbit One™ were extracted via the manufacturers application program interface (API). Initial reviews were performed to examine data density, outliers, and unreasonable values. First, day-level data were obtained for all participants. Missing day-level data and daily value <100 steps (likely attributable to low wear time) were removed from analyses. Data from the first recorded day were removed as these data points may be reflective of a partial day (e.g., participant connects a device the first time on the second half of the day). Second, patient-level median values were computed for each outcome from all available days in the study (adherence was high and all patient had at least 7 days of data). Patient-level median steps were used as a proxy for overall mobility; median of maximum step count in a one-minute period was used as a measure of peak one-minute activity. Floor and sleep data were analyzed but are out of scope for the present paper. Descriptive statistics (mean, standard deviation, median, quartiles, frequency, and percentage) were computed on baseline patient demographic and clinical characteristics. Stratified analyses were conducted to compare mobility levels in participants by demographic, clinical characteristics, and patient-reported outcomes (disease severity and impact). Statistical tests of significance between strata were tested using t-tests. Pearson's correlation coefficients (r) were computed where applicable. Finally, while not directly comparable, mobility was compared between our study population and other general and chronic disease population-based estimates from publicly available data sources. All tests were two-tailed and the level of significance was set at α = 0.05.
